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[57] ABSTRACT 

A system for determining shaft load parameters includ- 
ing shaft windup angle per unit length, torque output 
and power output in a generally cylindrical rotating 
shaft having an outer surface and a longitudinal axis 
extending through the center thereof includes a plural- 
ity of probes spaced apart from each other. Each probe 
has a first end and a second end, the first end of each 
probe being in facing relationship with the rotating 
shaft. A rigid frame commonly supports all of the 
probes at a predetermined distance from the outer sur- 
face of the shaft. The frame is supported in such a man- 
ner that the frame may vibrate or displace relative to the 
rotating shaft essentially as a rigid body. Targets on the 
outer surface of the rotating shaft are located for trig- 
gering a probe output response each time during shaft 
rotation that a target passes the First end of one of the 
probes. A calculator calculates the torque induced shaft 
windup angle of the rotating shaft based in part on the 
probe trigger times and the spacing of the probes. 

28 Claims, 3 Drawing Sheets 
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four probes which are commonly supported on a frame 

SYSTE M FO R DETERMINING SHAFT LOAD which can move and vibrate as a rigid body The probes 

PARAMETERS INCLUDING SHAFT WTNDUP are fixedly positioned on the rigid frame around the 

ANGLE PER UNIT LENGTH, TORQUE OUTPUT shaft at spaced axial locations for sensing the passing of 

A ^?^ T ?VT P i^^S^ R ^ LY 5 the targets as the shaft rotates. The probes being 

CYLINDRICAL ROTATING SHAFT mounted on ^ rigid frame and ^ ^ being su £ 

PArurriPniTwn nT? tub TWvwwrroM P orted 80 35 10 move essentiaU y 88 a bod y *H°ws 

BACKGROUND OF THE INVENTION {qt ^ accurate shaft mgle mcasuremcnt t0 bc 

The present invention relates to a system for deter- obtained which is not effected by shaft or frame vibra- 
raining shaft load parameters in a rotating shaft and, 10 tion and/or displacement. Accuracy and resolution are 

more particularly, to a system for non-contact determi- improved by averaging over multiple revolutions of the 

nation of shaft windup angle per unit length, torque shaft The wmdup angle resolution of the present inven- 

output and power output in a rotating shaft. tion approximates one millionth of a degree thereby 

There are many prior art systems for detecting torque mating it possible to discern as little as a three foot- 
output and power output m a rotating shaft such as a 13 po Und torque on a 10 mch diam eter steel shaft with an 

shaft in a turbine or other such rotating equipment. axial probe spacmg of only 3 inches. The present inven- 

Some pnor art systems use axially spaced proximity tion ^ ^ ^ determilimg ^ torque or ^ 

probes which detect the passing of shaft keyways or bd Ued tQ ft in turbinc M driven 

targets which are placed on the shaft However, with and for measuring absolute and rehtive 

such pnor art systems, the probe measurements may be 20 PP ^ nJLcrew ApT 

inaccurate due to the effects of vibrations or position P tu P c " Ci F" wc " lul mu,uswcw 

changes by either the shaft, the probes, or both which SUMMARY OF THE INVENTION 

can affect target arrival times and produce an inaccu- _ . „ , , . . J . 

rate shaft windup angle measurement Bnefl y f" ed ' ^e Present invention » directed to a 

One prior art torque measuring system described in 25 ^stem and method for determining shaft load parame- 

U.S. Pat No. 4,995,257 measures transient shaft torque ters deluding shaft windup angle per unit length, shaft 

using two separately mounted stationary probes to torque and shaft power in a generally cylindrical rotat- 

sense the passing of two targets or marks longitudinally kg shaft having a cylindrical outer surface and a longi- 

spaced apart on a rotating shaft. The prior art system tudinal axis extending through the center thereof. The 
detects changes in the target passing times to discern 30 system comprises a plurality of probes spaced from each 

transient shaft torques. For the system to yield accurate other. Each probe has a first end and a second end. The 

measurements, particularly for non-transient torques, first end of each probe is in facing relationship with the 

the probes must be absolutely stationary with respect to rotating shaft A rigid frame commonly supports all of 

the shaft. If the probes vibrate or displace relative to the the probes at a predetermined distance from the outer 
shaft or to each other, then the resulting inaccuracies 35 surface of the shaft. The frame is supported in such a 

may significantly and adversely effect the torque mea- manner that the frame may vibrate or displace relative 

surements. Since it is almost impossible to maintain the to the rotating shaft essentially as a rigid body. Target 

probes absolutely stationary with respect to the shaft, means on the outer surface of the rotating shaft are 

the resulting measurements taken by the prior art sys- located for triggering a probe output response each time 
tem tend to be inaccurate. 40 during shaft rotation that a target means passes the first 

Rotating shaft torque measurement is particularly e nd of one of ^ probes . Calculating means calculates 

useful in power generation facilities. Most generators one or more of ^ shaft load parameters based m part 

are driven by a continuous train of several turbines. A on the be tri ^ ^ the m of ^ bes . 
continuous tram of turbines comprises a plurality of 

turbines with in-line shafts each contributing torque, the 45 BRIEF DESCRIPTION OF THE DRAWINGS 

sum oftheir torques driving the generator at a required ^ foregoing summary , as wcll as th e following 

speed. Sometimes, there is a condition of reduced dctailcd description , wm be bctter understood when 

torque m one of the various turbines in the turbine tram rcad m ^^on with the appended drawings. For 

due, for example, to labyrinth seal wear, blade erosion, # . „„ mn J nF :u^ ntintr ^^iL^ 

steam chest valving problems, eta A turbine having a 50 *f of uh ? tratm S invention, embodiments 

lagging output torque musToe compensated for bTfhe P res f * ***** " *J™ m * e draw " 

other ttrbines in the train to keep th^merator output m «f * 18 ^erstood, however, that this invention is not 

constant A lagging turbine effects the overall effi- t0 PJ™ arrangements and mstrumentali- 

ciency of the train, but may not be discernible because tiesshown. In the drawings: 

of the fact that the other turbines compensate for the 55 f F ] G " 1 * a Perspective view of a portion of a system 

lagging turbine. Proper shaft torque measurement per- f or determmmg shaft load parameters m a rotating shaft 

mits the identification of a single turbine having a lag- in accordance with the present invention; 

ging output torque so that the problem can be noted and FIG - 2 is * sectional view of a portion of the system 

corrected before further deterioration of that turbine or ^en ^ong line 2—2 of FIG. 1; 

the turbine train occurs. 60 3 is a functional schematic block diagram of a 

The present invention is directed to a system for preferred embodiment of the circuitry of the system of 

accurately and consistently detennining shaft load pa* FIG. 1; 

rameters including shaft windup angle per unit length, FIG. 4 is an enlarged perspective view of the frame 

torque output and power output in a rotating shaft. The and probes of the system of FIG. 1; 

shaft windup angle per unit shaft length is defined as the 65 FIG. 5 is an enlarged sectional view of a preferred 

torque induced windup angle of the shaft over a given fastening rod of the frame of FIG. 4; 

length of the shaft The system preferably comprises FIG. 6 is an enlarged sectional view of a preferred 

four targets which are affixed to the rotating shaft and probe contained within the frame of FIG. 4; 
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FIG. 7 is a perspective view of a frame including a defined by the targets 16a and 16c are located closer to 
non-contacting thermal probe; and a first end of the shaft 12 and a second pair of targets 20 

FIG. 8 is a schematic plan view of a train of turbines defined by targets 16b and I6d are located closer to a 
in which the system of FIG. 1 may be used. second end of the shaft 12. The targets 16a, 16b, 16c, 16d 

n c^riynAXT^DDrECDDcn 5 within each pair of targets 18, 20 are circumferentiaDy 

DESCRIPTION OF PREFERRED aligned, that is, the targets of each pair are at the same 

EMBODIMENTS position around the outer circumference of the shaft 12. 

Referring to the drawings, wherein like numerals Thus, targets 16a and 16b and targets 16c and I6d are at 
indicate like elements throughout, there is shown in spaced locations along the axial length of the shaft 12, 
FIG. 1 a preferred embodiment of a system 10 for deter- 10 and in the present embodiment are preferably about 3 to 
mining shaft load parameters including shaft windup 6 inches apart. Each target 16 in the present embodi- 
angle per unit length, torque output and power output ment is preferably about one inch long, about one half 
in a rotating shaft 12 in accordance with the present inch wide and about a tenth of an inch thick, 
invention. It will be appreciated by those skilled in the It is to be understood by those skilled in the art that a 
art that other shaft load parameters may also be deter- 15 different number of targets 16 could be used without 
mined using the system 10. The shaft 12 is preferably departing from the spirit and scope of the present inven- 
generally cylindrically-shaped and is illustrated as being tion. For example, two targets (not shown) extending in 
generally solid. However, it is to be understood by length to encompass a substantial portion of the outer 
those skilled in the art that the shaft may be any other surface 14 of the shaft 12 could be used and arranged 
suitable shape or the shaft may be hollow without de- 20 such that the targets are diametrically opposed by about 
parting from the scope and spirit of the present inven- 180'. A pair of opposing extended axial slots such as 
tion. The shaft 12, a section of which is shown in FIG. key way slots could also be used as targets 16. It is to be 
1, has a longitudinal axis 15 which extends generally further understood by those skilled in the art, that the 
through the center of the rotating shaft 12. When a targets may be any suitable size and may be located 
torque is applied to the shaft 12, the shaft 12 is ca used to 25 relative to each other in a different manner on the shaft 
de form, o r windup in ei ther a clockwise or a coTEBTer- 12 without departing from the scope and spirit of the 
•cToc kw^ieduection depending upon Ihu ducuUUil 6f the present invention. 

jp^ljglorque. The extent ot the shaft windup angle is A frame 22, which is preferably generally arcuate and 
related to me shaft torque and thus the shaft power, in the present embodiment generally C-shaped in cross- 
both of which may be determined once the shaft 30 section, surrounds at least a portion of the outer surface 
windup angle has been established. 14 of the shaft 12. The frame 22 is preferably made from 

Located on a portion of an outer surface 14 of the a generally rigid material, such as, but not limited to 
shaft 12 are target means which in the present embodi- steel. In the present embodiment, the inner surface of 
ment comprise a plurality of individual targets 16. The the frame 22 is separated from the shaft 12 by a prede- 
targets 16 are preferably permanently affixed to the 35 termined distance, preferably approximately 1 inch, 
shaft 12 at at least two spaced axial locations. The tar- The frame 22 is capable of vibrating or changing posi- 
gets 16 rotate with the shaft 12 and are preferably made tion with respect to the shaft 12 but must do so as a rigid 
of a ferromagnetic material, such as steel, or of a highly body. It is to be understood by those skilled in the art, 
electrically conductive material, such as aluminum The that the frame 22 can be made of some other material or 
targets 16 are typically secured to the shaft 12 by epoxy 40 may be of some other shape and can be separated from 
bonding, or some other such surface mounting means the shaft 12 by any other suitable distance without de- 
including brazing or welding. It should be understood parting from the scope and spirit of the present inven- 
by those skilled in the art that the targets may be made tion. 

of other materials if desired and may be secured to the Referring to FIGS. 4 and 5, a flange or collar 24 is 
shaft in some other manner if desired. 45 formed on the outer surface of the frame 22 to help 

In the preferred embodiment, the plurality of targets rigidize the frame 22 and to hold the frame 22 in place 
16 comprise four individual targets 16a, 16b, 16c, 16d with respect to the shaft 12. The collar 24 includes a 
which are located on the outer surface 14 of the shaft plurality of support holes 28 (three in the present em- 
12. It will be appreciated by those skilled in the art that bodiment) for receiving a plurality of support rods 26 
the number of targets employed may be other than four. 50 (three in the present embodiment) which are used to 
The targets are arranged on the shaft 12 such that tar- mount the frame 22 preferably to a fixed, non-rotating 
gets 16a and 16c are diametrically opposed to each structure such as an adjacent bearing housing of ajur- 
other, ie., circumferentially spaced by approximately bine ^ generator, pump etc. (not shown) with which the 
180". Targets 16b and 16d are also diametrically op- shaft 12 is associated, fne collar 24 is preferably axially 
posed to each other or circumferentially spaced by 55 centrally located on the frame 22 but it could be at some 
approximately 180*. Targets 16a and 16c or targets 166 other location. If desired, more than one collar may be 
and 16d could be spaced a few degrees greater than or formed on the frame 22, for example, a separate collar 
less than 180* without departing from the scope and could be located on each axial end of the frame 22 (not 
spirit of the present invention. However, the degree of shown). The holes 28 within the collar 24 are circumfer- 
vibration and position change compensation is reduced 60 entially spaced from one another in the present embodi- 
es the circumferential spacing between the targets shifts ment by approximately 90' but could be spaced in some 
away from 180*. Furthermore targets 16a and 16* are other manner. The rods 26 secure the frame 22 in place 
preferably aligned on a first axis which is parallel to the with respect to the shaft 12. As shown in FIG. 5, a first 
longitudinal axis 15 of the shaft 12 and targets 16c and end of each rod 26a is received by a support hole 28 
I6d are preferably aligned on a second axis which is 65 within the collar 24 and is rigidly secured in place on 
parallel to the longimdinal axis IS of the shaft 12. the collar 24 by a pair of nuts 30, one nut on each side 

In the present embodiment, the four targets 16a, 16b, of the collar 24. A second end of each rod 26b is se- 
16c, 16a" are arranged such that a first pair of targets 18 curely attached in the same manner or in some other 
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manner to the Fixed structure (not shown). The three the radial outer surface of the threaded portion of each 
point connection between the three rods 26 and the probe 34. It will be appreciated by those skilled in the 
fixed structure provides a cantilever support arrange- art that the probes 34 may be secured to the frame 22 in 
ment which maintains the frame 22 in a relatively fixed some other manner, if desired, 
position with respect to the shaft 12. If the frame 22 5 Referring to FIG. 3, a clock pulse generator 50 gener- 
vibrates or is displaced with respect to the shaft 12, it ates clock pulses at a fixed rate. The clock pulse genera- 
does so as a rigid body. tor 50 in the present embodiment has a clock rate of 
A second set of holes 32 extend through the frame 22 preferably 20 million pulses per second and transmits 
and each receive and support one of a plurality of t he clock pulses to a clock pulse counter 52. The clock 
probes 34. The frame 22 commonly supports all of the 10 pu lsc counter 52 is preferably a 32 bit counter and is 
probes 34 at a predetermined distance from the outer capable of accumulating up to 4,294,967,296 counts. As 
surface 14 of the shaft 12. The probes 34 are preferably a result) for most shaft rotating speeds, the clock pulse 
proximity probes of a type well known in the art and are $2 does not have to be restarted after every 
used to detect the passmg of the leading edge of the sh&ft revolution. For example, for a shaft 12 which is 
targets 16 as the shaft 12 is rotating beneath the frame 15 rotating at 3600 rpm, the clock pulse counter 52 can 
22. In the preferred embodiment four probes 34*, 34* up 13,000 shaft revolutions before re- 
34c, and 34£ are securely mounted, one within each of starting . dock pulse counter 52 allows for an accu- 
the holes 32 extending through the frame 22 In the me readin tQ be obtaine(J for determining when a 
preferred embodiment, a first pair of probes 36 defined 16 one of ^ fees 34 withom ^ 
by probes 34a and 34c and a second pair at probes 3* 20 mtaBt resettin of ^ 

counter 52. 

defined by probes 346 and 34a* are each preferably cir- ^ second ^ Qf ^ 3? fc ferabl CQn . 

cumferentiaUy spaced approximately 180" apart around ^ fe suitab i e v/ t Te q T ^hl* (not shown) to a 

the frame 22 and the probes 34a, 346. 34c, and 34o* of Dy / su / taWe w^e or cable ^notsnown; to a 

" . * . * 0 F . e °T „ corresponding trigger circuit 42a-42<£ When any of the 

each pair 36 and 38 are generally circumferentiaUy f * ** _ ^ . . . , 

aligned with each other. Preferably probe 34a of the 25 ^ pr ° bes ' ™ 7* ~ lS the leading 

first pair 36 is axially aligned with probe 346 of the f^e of one of the targets 16, the associated rapid rise in 
second^ 38 and probe 34Vof the first pair 36 is axially *g*i' X PU TT . co ™P° ndm S c ^ 
aligned with probe 34d of the second pair 38. The CU f ****** to a ? lvate or m SS er S™*"* out ' 
probes 34a, 34*. 34c, 34a" are further arranged such that put or tngger pulse. 

probes 34a and 34c (the first pair of probes 36) can sense 30 u M Jcadm S of eith " J?** 1 * 01 16c ses 
the passing of the leading edges of targets 16a and 16c b ? Clthe ! P«*e34a or probe 34c, the corresponding 
(the first pair of targets 18) and probes 346 and 34a" (the tngger circuit 42a or 42c transmits a trigger pulse to an 
second pair of probes 38) can sense the passing of the ^ and C tngger adder 44 which accumulates the sum of 
leading edges of targets 166 and 16d (the second pair of ^ tnggci pulses from the tngger circuits 42a 

targets 20) as the shaft 12 rotates. However, it is to be 35 ^ A2c Each ^ one of thc tTi &Z a circuits 42fl 
understood by those skilled in the art that different or &c transmits to the A and C trigger adder 44 also 
numbers or types of probes could be used and the S ets transmitted to the clock pulse counter 52 causing 
probes could be positioned in a different manner with dock counter 52 to read the clock pulse count 

respect to each other without departing from the spirit at ^ transfer the clock pulse count to an A 
and scope of the present invention. 40 and C count adder 54 which accumulates the sum of the 

Each probe 34a. 346, 34c. and 34a* has a first end 35 clock P* 1 ** counts read at the time of all outputs of 
and a second end 37. The first end 35 of each probe 34a, tri S« er circuits 42a and 42c 

346, 34c 34a* is received within one of the holes 32 Similarly, as the leading edge of either target 166 or 
within the frame 22 so that it is in facing relationship 16d b Y eit her probe 346 or 344 the correspond- 
with the rotating shaft 12. Each probe 34a. 346, 34c, 34a" 45 ™g trigger circuit 426 or 42a" transmits a trigger pulse to 
is also preferably generally perpendicular to the longi- a B and D trigger adder 46 which accumulates the sum 
tudinal axis 15 extending through the center of the ro- of the received trigger pulses from the trigger circuits 
tating shaft 12. The probes 34a, 346, 34c. 34a* are se- 42 * md 42a*. Each trigger pulse that one of the trigger 
curely mounted within the frame 22 such that the circuits 426 and 42a" transmits to the B and D trigger 
probes 34a, 346, 34c, 34a* are gener albLStationarv with 50 adder 46 is also transmitted to the clock pulse counter 
respect to the frame 22 and the particular alignment and 52 causing the clock pulse counter 52 to read the clock 
spacial relationships established between the probes pulse count at that instant and transfer the clock pulse 
34a, 346, 34c, 340* as a group are maintained constant count to a B and D count adder 56 which accumulates 
without regard to displacement or vibration of the shaft the sum of the clock counts read at the time of all out- 
12 or the frame 22. The rigidity of the frame 22 and the 55 puts of the trigger circuits 426 or 42al 
methodology described herein allow the frame 22 to The computer 48 receives data from the A and C 
vibrate or displace relative to the shaft 12 as a rigid trigger adder 44, from the B and D trigger adder 46, 
body without affecting the accuracy of the shaft from the A and C count adder 54, and from the B and 
windup angle and other shaft parameters as determined D count adder 56. After a predetermined number of 
from the probe output responses. 60 shaft revolutions, the computer 48 restarts or clears the 

Because the probes 34a, 346, 34c and 34a* are all com* clock pulse counter 52. Once the clock pulse counter 52 
monly mounted to the frame 22, when the frame 22 is restarted, preferably a group of four triggerings oc- 
vibrates or is displaced relative to the shaft 12, the curs in rapid succession followed by another group of 
probes 34a, 346, 34c, 34a* are not independently dis- four triggerings a half revolution later. To ensure that 
placed or vibrated. As shown in FIG. 6, each probe 34 65 the first group of triggerings does not contain less than 
is maintained within the frame 22 by complementary • four triggerings, the system discards the first group of 
threading on each probe 34 and within the holes 32 and triggerings and begins with the second group of trigger- 
by a suitable locking nut 40 which is tightened around ings by waiting until 0.3 of a revolution after the first 


07/01/2003, EAST Version: 1.02.0008 


5,440,938 


group of triggerings has occurred following the restart 
of the clock pulse counter 52. 

The computer 48 is preferably a personal computer 
such as, but not limited to, an IBM or an IBM compati- 
ble computer. It is to be understood by those skilled in 
the art that any type of computer may be used, such as 
a mainframe or computer network or other processing 
unit without departing from the scope and spirit of the 
present invention. The computer 48 stores the data 


8 


identifies the target 16. For example, AC indicates when 
probe 34a detects target 16c. 

If the difference between the BB and AA data is 
taken and the difference between the DD and CC data 
is taken for the Group I triggerings, the initial results for 
each difference is zero as indicated by Rl and R2. Like- 
wise, if the difference between the BD and AC data and 
the difference between the DB and CA data for the 
Group II triggerings are taken, the results are also zero 


received from the above-described adder/circuits asso- 10 as indicated by R3 and R4. Assuming that this is a read- 


ciated with probes 34a, 346, 34c, 34rf along with other 
necessary data for calculating the shaft windup angle 
per unit length, shaft torque, power, shaft speed and 
other shaft load parameters as will be described in detail 
hereinafter. 

The computer 48 receives additional input data 58 
which is typically in the form of constants and other 
data which relate specifically to the shaft 12 and the 
probes 34c, 34*, 34c, 34d The additional data input 58 


ing taken at zero torque, the algebraic sum of the differ- 
ences obtained for each group, (le., the sum of Rl, R2, 
R3 and R4) divided by four represents the initial condi- 
tion for zero torque, i.e., zero shaft windup angle 
15 (Wo=0). However, it is to be understood by those 
skilled in the art that the angle difference or the sum of 
the angle differences are not necessarily equal to zero. 
In actuality, many such rotations are typically averaged 
together to obtain the average shaft windup angle for 
can include, but is not limited to, the modulus of rigidity 20 zero torque, 
of the shaft, the shaft cross-sectional geometry between Once the zero torque average shaft windup angle is 
the probes and the axial probe spacing. The calculations obtained, additional readings can be obtained with ap- 
performed by the computer 48 include determining the plied torque during additional revolutions of the shaft 
shaft windup angle per unit length, the shaft torque 12. These additional readings are compared to the initial 
output, the shaft power output and the in-line turbine 25 readings at zero torque to detect torque induced shaft 
power which are transmitted from the computer 48 as windup angle per unit length within the shaft 12 as will 
data output 60 and will be discussed in detail hereinaf- be described in detail hereinafter. Preferably the zero 
ter. torque initial average windup count is subtracted from 

The computer 48 receives the number of clock pulse the subsequent average windup count to get the average 
counts from the A and C count adder 54 and the B and 30 windup count due to torque. The following will illus- 
D count adder 56, either in continuous running fashion trate how the shaft windup count is detected. Typically, 
or at the end of each averaging cycle. The computer as with zero torque previously applied, a torque is ap- 
also receives the total pulse counts from both the A and plied to the shaft 12 for a predetermined period of time 
C count adder 54 and the B and D count adder 56 either as the shaft 12 is rotating. If shaft angle readings are 
in continuous running fashion or at the end of each 35 taken for one of the revolutions of the shaft when a 


averaging cycle. 

When shaft windup angle per unit length, torque 
output or power output are to be determined for the 
rotating shaft 12, zero torque readings are initially de- 
termined to obtain a zero torque initial average windup 
count Readings are taken in two groups of four as the 
targets pass the four probes, 34a, 346, 34c, 34d, for an 
initial revolution and the angles at which each probe 34 
is triggered by a target 16a, 16£>, 16c, 16d is recorded 
and stored within the memory of the computer 48. To 
understand the operation of the system 10, it is useful to 
view the readings at each passing of the leading edge of 
a target 16 by a probe 34 as a shaft angle measurement 
rather than as a pulse count difference. Later, it will be 
shown how these are equivalent. For example, if read- 
ings were taken for a full revolution of the shaft 12, the 
following shaft angle readings could result: 


torque is applied which causes a plus and minus 1 de- 
gree change in the triggering angles, the following read- 
ings may be obtained. 


40 


45 


50 


AA 
1 


AC 
181 


Rl 

-2 


R3 
-2 


Group I Triggerings 
BB CC 
-1 2 


Group II Triggering; 

BD CA 
179 1S2 


R2 
-2 


R4 

-2 


DD 
0 


DB 
180 


The above readings show that there is a change in the 
angle differences resulting from the application of 
torque to the shaft 12. If the difference between BB and 
AA, and DD and CC are taken for the Group I trigger- 
55 ings, both algebraic sums equal —2 as indicated by Rl 
and R2. Likewise, if the algebraic sum for the Group U 
triggerings are taken, Le., the difference between BD 
and AC and the difference between DB and CA, the 
algebraic sums are also —2 as indicated by R3 and R4. 
60 Next, the sum of the angle differences is taken, i.e., the 
sum of Rl, R2, R3 and R4, which equals a total of —8 
degrees. If the sum of the angle differences is divided by 
four, the shaft windup angle can be obtained, which is 
—2 degrees. The shaft windup angle represents the 
The above readings indicate the angle of rotation of the 65 shaft windup angle over the axial distance separating 
shaft 12 when each of the probes detects one of the probes 34a and 34c from probes 34a and Md 
targets. The first letter in each column (A B, C, D) Another way to obtain the shaft windup angle is by 
identifies the probe 34 and the second letter (A, B, C, D) adding the angles indicated by the B and D probe trig- 


AA 

o 


AC 
180 


Rl 

0 


R3 
0 


Group I Triggering; 
BB CC 
0 1 


Group II Triggerings 
BD CA 
180 181 


R2 

0 


R4 
0 


DD 
1 


DB 

181 
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gerings, subtracting the angles indicated by the A and C 

probe triggerings and dividing the sum by four to get -y (6 ) 

the average. If such a course is taken, then the total sum 4 " * x R x 360 

of the angles indicated by the B and D triggerings is as 

follows: 5 where 

W^— shaft windup angle due to torque (degrees) 
BB+DD+BD+DB-BD^m) W c = shaft windup count due to torque (counts) 

S=average shaft speed (rev/sec) 
-1+0+179+180=358 (l) R=c l oc k pulse rate (count/sec). 

_ . ■ . , , , 10 Wy< is the sum of the counts at the four B and D probe 

where BD^sum of the angles indicated by the trigge rings, minus the sum of the counts at the four A 
tnggermgs of both probes Mb and 34d mdC ^ triggers, all divided by four, at torque 

The sum of the angles indicated by the A and C probe minus dl ^ ^ at 2ero t 
triggerings equals the following: The multiple measurements in each revolution are for 

AA+CC+AC+CA-AC^ " «?* of eliminating error* t thai : result : from posi- 

tion changes or vibrations of either the shaft 12 or the 
i + 2 + 1 8 1 + 1 82 = 366 (2) probe holding frame 22. Position changes and synchro- 

nous vibrations are corrected for in each rotation, as are 
where AC( TOni )=sum of the angles indicated by the ^ m ost non-synchronous vibrations, 
triggerings of both probes 34a and 34c Multiple rotations are taken into account by averag- 

If the difference between the sum of the A and C m & that is by subtracting the A and C count adder 54 
probe triggering angles and the sum of the B and D vallIC from the B and D count adder 56 value and then 
probe triggering angles is calculated, the following is dividing this result by either the value of the A and C 
obtained: 25 tT *8& er adder 44 or the value of the B and D trigger 

adder 46. These two latter values should be identical 
BD^um} - a c^sum) =x& and equal to four times the number of revolutions. This 

calculation is performed both at torque and at zero 
358- 366- -8 (3) torque, the difference yielding the average shaft windup 

30 count due to torque, W^. 

where Xi>= summed angle difference. Averaging over multiple rotations improves inaccu- 

By dividing the summed angle difference by four the racies caused by random probe noise. The improvement 
shaft windup angle is obtained and, hence, the shaft ^ proportional to the square root of the number of 
windup angle is indicated as follows: averages. Averaging over multiple rotations also im- 

35 proves the resolution beyond one count. The improve- 
x D _ (4) ment in resolution is directly proportional to the num- 

4 ~~ 1 ber of averages. For example, averaging 8,000 trigger- 

_ g ings (1,000 revolutions) yields approximately 1/8000 of 

-4— - -2 a count resolution. At approximately 20,000,000 counts 

40 per second and 60 revolutions per second at 3600 RPM, 
where W]= shaft windup angle. the resolution yielded is nearly one ten millionth of a ^ 

In the preferred embodiment, the shaft windup angle degree. The improved resolution is assured if the num- ' 
determined for probes 34a, Mb, 34c and 34o* are initially ter of counts per revolution is not an integer number as 
calculated at zero torque to obtain a zero torque initial * the case with an independent clock. If the levels of 
windup angle as discussed above. Once the measure- 45 non-synchronous vibration exceed one count worth for 
ments for zero torque have been calculated, the zero the diameter and speed of the shaft, resolution improve- 
torque initial windup angle is subtracted from subse- ment due to averaging is almost always assured. As 
quent shaft windup angles with torque applied to get indicated previously, to calculate the average shaft 
the shaft windup angle due to torque. For example, 5Q windup angle due to torque from the average shaft 
using the above calculations, the shaft windup angle due windup count due to torque W 0 it is necessary to know 
to torque based on the two readings above would be as the average shaft speed 5. 

follows: To obtain the average shaft speed S, the following 


equation can be used: 


55 


R (AQrigd (7) 

-2-0—2 <*> S = HAC-ACo 

where where 

^subsequent shaft windup angle S= average shaft speed (rev/sec) 

W 0 =zero torque initial shaft windup angle R« clock pulse rate (counts/sec) 

X2£ \^&^X***u& AC r^r ~ ^^enng, by probes 34* 

* iw awYc «-»^ ^ a " ,uuu h and 34c from initial count sum to last count sum 

due to torque from one revolution at zero torque and (inclusive) 

one revolution iat torque is -2\ AC fl = last count sum of probes 34a and 34c trigger- 

The shaft windup count due to torque can be used to . " K 

obtain the average shaft windup angle due to torque by ^initial count sum of probes 34a and 34c trigger- 

the following equation: y 00 
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In determining the average shaft speed, it is important of the second pair of targets 20 are parallel, then by 

that full revolutions be used since half revolutions may virtue of the unique combining methodology above, 

not be accurate due to the targets 16 not being spaced there is typically no angle torque or power misindica- 

exactly 1 80* apart The shaft speed can be measured in tion caused by the effect of an axial frame displacement 
terms of radians per second by multiplying the shaft 5 not cancelling out. 

speed in revolutions per second by_2*r. Th c fr^e 2 2 may also be horizontally displaced 

The average shaft windup angle can be converted which wou j d have ^ im^a on the triggering angles. If 

to average shaft torque T by the following equation: ^ ^ m fog target to p,-^ th e trig _ 

gering time is slightly delayed. If there is a decrease in 
J „ J£L x / x (7 (8) 10 ^ target-to-probe gap. the triggering time is slightly 

y increased. As long as the triggering time is a linear 

function of the gap, then by virtue of the unique com- 
w ^? re bining methodology above, there is little or no effect 

T= average shaft torque caused by small horizontal frame translations or small 

W=average shaft windup angle is ^ frame yawmg and no angle, torque or power 

y=aml distance between probes medications result 

bSeTthe "tote™™ Cr0SS ^ Frame vibrations may also be encountered while the 

G=modulus of rigidity of the shaft. . ^ torque, and/or power is being determined. 

It is. important to note that the modulus of rigidity 20 mo ? t W BcaI ™ d ^mmant type of frame vibrations 
may vary with temperature to the efTect that for most arc synchronous vibrations at shaft rotational frequency 
steels it decreases by about 2% for every increase in or * mte e er multiples of the shaft rotational frequency, 
shaft temperature of 100* F. A non-contacting thermal Thc frame vibrations may be vertical, horizontal, axial, 
probe 62 (FIGS. 3 and 7), can be attached to the frame vaw * ro11 or P itch vibrations. Because synchronous 
22 for sensing the surface temperature of the shaft 12. 25 vibrations repeat exactly in every revolution, their ef- 
The readings from the temperature probe 62 can be feet is the same as a positional change which as has been 
used by the computer 48 to provide a temperature cor- already discussed, causes no angle, torque, or power 
rection to the modulus of rigidity. The surface tempera- misindications. The typically much smaller non-syn- 
ture measurement is sufficient since the effective modu- chronous vibrations may not even require multiple rev- 
lus of rigidity is dominated by the modulus of rigidity of 3Q olutions for their effect to be averaged away because 
the outer surface of the shaft 12. _ with opposing targets and probes, they cancel in each 

To calculate average shaft power P, the following group of triggerings. Thus, they also result in virtually 
equation can be used: no error in angle, torque or power determination. 

— Shaft positional changes and vibrations are similar to 

P=TxSx2ir ^ tnc effect 0 f f rame positional changes and vibrations 

and produce similar effects. By virtue of the unique 
w ^f re „ _ , . methodology of combining readings in the present in- 

P= average power (ft Ib./sec.) (9) vcnti th AsQ do nQt erroneous resu lts in 

T=average shaft torque (ft. lb.) ^ ^ torque Qr poWfir 

a»average snaft speed (rev./sec.;. Another potentially deleterious situation that must be 

The resulting power measurement is m foot/pounds 40 considered iTone where the probes 34 or the targets 16 
per second To obtain the power in units of horsepower, . positioned opposite one another If the 

the result is divided by 550. To obtain the power in xtXTtL ^^ia^T^,^^^^^ 
kilowatts, the result is divided by 738. probes 34 or ****** 16 L are . not perfectly positioned, 

The prelect fystem Is ^Sgned to provide accurate a n ° n «"> result ^ te obtauied f ° r *■ » 
results even if displacementof the probes 34 or shaft 12 45 angle measurement at zero torque If the degree of non 
occur during the measurements so long as all the probes Perfection » on the order of 10 or less, htde or no error 
34 are mourned on a common rigid frame 22 and thus when me shaft windup angle at zero torque is 

their relative spacing remains the same. For example, if subtracted from the shaft windup angle at torque to 
the frame 22 is shifted up at the end containing probes <*? m shaft .«^« due t0 tor ? ue - L^ewise, 

34a and 34c resulting in a one degree measurement 50 "ttle or no error results m the torque and power deter- 
error, all the triggerings for probe 34a would occur one minations which are computed from the shaft windup 
degree late, while all the triggerings for probes 34c an 8 le due t0 tor( l ue - 

would occur one degree early. The net result is that the Referring to FIG. 8, there is shown a typical power- 
value in the A and C count adder 54 is unaffected, and generating turbine generator train 64. It is to be under- 
thus so is the final result Even if a torque is applied 55 stood by those skilled in the art that the turbine train 64 
under these conditions, the value in the A and C count *s merely exemplary and that the system of the present 
adder 54 is unaffected by the shifted condition of the invention can be used with any rotating shaft or any 
frame, and thus it does not cause erroneous angle, other turbme train without departing from the spirit and 
torque or power results. It is to be understood by those scope of the present invention. The turbine train 64 
skilled in the art that the frame may be vertically dis- 60 comprises a high pressure turbine 66, an intermediate 
placed at either end, shifted up or down any small dis- pressure turbine 68, and two low pressure turbines 70ft 
tance or pitched or rolled at any small angle, and still 70*. The turbine train 64 is connected to a generator 72 
not cause erroneous results because of the unique meth- and exciter 74. In the preferred embodiment, the low 
odology of combining readings in the present invention. pressure turbines 70a, 70* are typically condensing 
The frame 22 may also be axially shifted such that 65 turbines and are therefore not amenable to a thermody- 
probes 34a and 34* and probes 34c and S4d arc axially namic enthalpy drop test for detemining efficiency or 
displaced by some distance. If the leading edges of the power. Therefore, if a low pressure turbine loses effi- 
first pair of targets 18 are parallel and the leading edges ciency from causes such as labyrinth seal wear, blade 
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erosion or a steam chest valving problem, the other 
turbines would be forced to compensate for the lagging 
turbine and the problem with the low pressure turbine 
could continue undetected. In order to monitor a tur- 
bine train such as shown in FIG. 8, the system 10 of the 
present invention could be placed at appropriate shaft 
locations as indicated by reference 76a, 766, 76c, 76d 
Each monitoring location would preferably contain 
four probes 34 and four targets 16 as described above. 


tion is not limited to the particular embodiment dis- 
closed, but is intended to cover all modifications which 
are within the scope and spirit of the invention as de- 
fined by the appended claims. 
We claim: 

1. A system for determining a shaft torsional load 
parameter in a generally cylindrical torque carrying, 
rotating shaft having a cylindrical outer surface and a 
longitudinal axis extending through the center thereof, 


A problem turbine is identified by first measuring the 10 the rotating shaft possibly vibrating and displacing, the 
windup angles per unit length at shaft locations 76a system comprising: 


766, 76c, l€d which are located between each turbine 
and by then calculating and comparing the associated 
shaft torques or powers. The torque or power output of 
each turbine is determined by computing the difference 15 
between the torque or power values obtained at oppo- 
site ends of that turbine. 

For example, the torque or power measured at shaft 
location 76a which is located between the high pressure 
turbine 66 and the intermediate pressure turbine 68 is 20 
the torque or power being supplied by the high pressure 
turbine 66 since there is no power carrying shaft at the 
other end of that turbine. The torque or power mea- 
sured at shaft location 766 between the intermediate 
turbine 68 and the first low pressure turbine 76 less the 25 
torque or power at shaft location 76a is the torque or 
power output of the intermediate pressure turbine 68. 
Likewise, to obtain the torque or power output of the 
first low pressure turbine 70a, the difference between 
the torques or power outputs at locations 766 and 76c is 30 
calculated Finally, to obtain the torque or power output 
of the second low pressure turbine 706, the difference 
between the torques or power outputs at shaft locations 
76c and 76rf is calculated. 

The power as measured at 76J is the total power 35 
being supplied by all the turbines in the train 64. There- 
fore, the power of the first low pressure turbine 70a 
divided by the total power times 100 is the percent 
power contribution of the first low pressure turbine 70a. 
A similar relationship exists for the second low pressure 40 
turbine 706, and for all the other turbines 66, 68 in the 
train 64. The two low pressure turbines, or three low 
pressure turbines if there are three, have a more special 
relationship than any of the other turbines because they 


a plurality of probes spaced from each other, with at 
least two probes spaced from each other in the 
shaft axial direction, each probe having a first end 
and second end, the first end of each probe being in 
facing relationship with the outer surface of the 
rotating shaft; 
a rigid frame commonly supporting all of the probes 
at a predetermined distance from the outer surface 
of the shaft, the frame being supported in such a 
manner that the frame may vibrate and displace 
relative to the rotating shaft essentially as a rigid 
body, the frame supporting the plurality of probes 
at positions to overcome inaccuracies caused by 
frame vibration and displacement and shaft vibra- 
tion and displacement; 
target means on the outer surface of the rotating shaft 
and located for triggering a probe output response 
each time during shaft rotation that a target means 
passes the first end of one of the probes, the target 
means located so as to overcome inaccuracies 
caused by frame vibration and displacement and 
shaft vibration and displacement; and 
calculating means for calculating the shaft torsional 
load parameter based in part on the probe trigger 
times and the spacing of the probes and at the same 
time overcoming inaccuracies caused by frame 
vibration and displacement and shaft vibration and 
displacement. 
2. A system according to claim 1, wherein the num- 
ber of probes is four. 
- 3. A system according to claim 2, wherein the four 
probes are arranged such that a first pair of probes are 
located on a first side of the frame and a second pair of 


typically have identical shaft diameters, shaft materials, 45 probes are located on a second side of the frame, the 


and shaft temperatures, and this includes the shaft car- 
rying the total power. Thus, the percent contribution of 
each low pressure turbine can be computed very accu- 
rately, possibly to better than 0.2 percent, without hav- 
ing to know the absolute outside and inside diameters, 50 
the absolute modulus of rigidity, or the absolute shaft 
temperature. 

From the foregoing description it can be seen that the 
present invention comprises a system for detennining 
shaft load parameters including torque induced shaft 55 
windup angle per unit length in a generally cylindrical 
rotating shaft and associated shaft torque, shaft power, 
and shaft speed. The use of multiple measurements cor- 
rects for errors that would otherwise be introduced by 


first pair of probes being aligned with each other and 
the second pair of probes being aligned with each other. 

4. A system according to claim 3, wherein the first 
pair of probes and the second pair of probes are spaced 
180° apart around the rotating shaft. 

5. A system according to claim 4, wherein each target 
is made from a ferromagnetic material. 

6. A system according to claim 4, wherein each target 
is made from a conductive material. 

7. A system according to claim 1, wherein said target 
means comprises at least a pair of targets which are 
circumferentially spaced and generally axially aligned 
with each other. 

8. A system according to claim 7, wherein the targets 


position changes of the probes or shaft, or by vibrations 60 are circumferentially spaced by 180*. 


of the probes or the shaft. The use of multiple measure- 
ment locations along a machine train allows for separat- 
ing out the torques or powers used or supplied by indi- 
vidual machines arranged in that train. It will be appre- 
ciated by those skilled in the art that changes may be 65 
made to the above-described embodiment of the inven- 
tion without departing from the broad inventive con- 
cept thereof. It is understood, therefore, that this inven- 


9. A system according to claim 8 wherein the targets 
are two extended axial slots. 

10. A system according to claim 1 further comprising: 
counting means for counting the number of times a 

target means passes by at least one of the probes; 
and 

timing means for measuring a time at which a target 
means passes by at least one of the probes. 
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11. A system according to claim 10, wherein timing 
means includes a clock pulse generator which generates 
clock pulses at a predetermined rate which is substan- 
tially greater than the speed of rotation of the shaft and 
which is used to measure the time at which a target 5 
means passes one of the probes. 

12. A system according to claim 11, wherein the 
predetermined rate of the clock pulse generator is not 
an integer multiple of the shaft rotational speed. 

13. A system according to claim 1, wherein said 10 
frame is arcuate and complementary to at least a portion 
of the outer surface of the rotating shaft. 

14. A system according to claim 1, further comprising 
means for detennining constants relating to the shaft for 
measuring shaft torque. 

15. A system according to claim 14, where the con- 
stants include material properties of the shaft 

16. A system according to claim 14, wherein said 
constants include a modulus of rigidity for the shaft 

17. A system according to claim 1, further comprising 
a noncontacting thermal probe for measuring surface 
temperature of the shaft proximate the target means. 

IS. A system according to claim 1 further comprising 
averaging means for averaging the number of times a 25 
target means passes one of the probes over multiple 
shaft revolutions. 

19. A system according to claim 1 wherein the shaft • 
load parameter is shaft torsional windup angle per unit 
length. 30 

20. A system according to claim 1 wherein the shaft 
torsional load parameter is shaft torque. 

21. A system according to claim 1 wherein the shaft 
torsional load parameter is shaft power output. 

22. A system for measuring shaft windup angle per 35 
unit length in a bearing mounted, generally cylindrical, 
torque carrying, rotating shaft having an outer surface 
and a longitudinal axis extending through the center 
thereof, the rotating shaft possibly vibrating and dis- 
placing relative to its bearings and relative to inertia! ^ 
space, the system comprising: 

at least four probes spaced from each other, each 
probe having a first end and a second end, a first 
pair of probes being positioned on a first side of the 
rotating shaft spaced from each other in the shaft 45 
axial direction, and a second pair of probes being 
positioned on a second side of the rotating shaft, 
generally opposite the first pair and similarly axi- 
ally spaced from each other, the first end of each 
probe being in facing relationship with the outer 50 
surface of the rotating shaft; 

a rigid frame commonly supporting all of the probes 
at a predetermined distance from the outer surface 
of the rotating shaft, the frame being supported in 
such a manner that the frame may vibrate and dis- 55 
place relative to the rotating shaft essentially as a 
rigid body; 

at least two pairs of aligned targets located on the 
outer surface of the rotating shaft, a first pair of 


counting means for counting the number of probe 
output responses over multiple revolutions of the 
shaft; 

timing means for measuring a time for every probe 
output response over multiple revolutions of the 
shaft; and 

calculating means for calculating the shaft windup 
angle of the rotating shaft based in part on the 
probe trigger times and the spacing of the probes, 
independent of the effects of any frame vibration 
and displacement and any shaft vibration and dis- 
placement. 

23. A system for measuring shaft torque in a bearing 
mounted, generally cylindrical, torque carrying, rotat- 

15 ing shaft having an outer surface and a longitudinal axis 
extending through the center thereof, the rotating shaft 
possibly vibrating and displacing relative to its bearings 
and relative to inertial space, the system comprising: 
at least four probes spaced from each other, each 
probe having a first end and a second end, a first 
pair of probes being positioned on a first side of the 
rotating shaft spaced from each other in the shaft 
axial direction, and a second pair of probes being 
positioned on a second side of the rotating shaft, 
generally opposite the first pair and similarly axi- 
ally spaced from each other, the first end of each 
probe being in facing relationship with the outer 
surface of the rotating shaft; 
a rigid frame commonly supporting all of the probes 
at a predetermined distance from the outer surface 
of the rotating shaft, the frame being supported in 
such a manner that the frame may vibrate and dis- 
place relative to the rotating shaft essentially as a 
rigid body; 

at least two pairs of aligned targets located on the 
outer surface of the rotating shaft, a first pair of 
targets being positioned on the rotating shaft 
spaced from each other in the shaft axial direction, 
and a second pair of targets being positioned on the 
rotating shaft, radially spaced from the first pair of 
targets and similarly axially spaced from each 
other, so that each probe detects the passage of two 
targets each revolution of the shaft for triggering a 
probe output response from each probe twice each 
shaft revolution; 
counting means for counting the number of probe 
output responses over multiple revolutions of the 
shaft; 

timing means for measuring a time for every probe 
output response over multiple revolutions of the 
shaft; and 

calculating means for calculating the shaft windup 
angle of the rotating shaft based in part on the 
probe trigger times and the spacing of the probes, 
independent of the effects of any frame vibration 
and displacement and any shaft vibration and dis- 
placement. 

24. A system for measuring shaft power output in a 
bearing mounted, generally cylindrical, torque carry- 


targets being positioned on the rotating shaft 60 ing, rotating shaft having an outer surface and a longitu- 


spaced from each other in the shaft axial direction, 
and a second pair of targets being positioned on the 
rotating shaft, radially spaced from the first pair of 
targets and similarly axially spaced from each 
other, so that each probe detects the passage of two 65 
targets each revolution of the shaft for triggering a 
probe output response from each probe twice each 
shaft revolution; 


dinal axis extending through the center thereof, the 
rotating shaft possibly vibrating and displacing relative 
to its bearings and relative to inertial space, the system 
comprising: 

at least four probes spaced from each other, each 
probe having a first end and a second end, a first 
pair of probes being positioned on a first side of the 
rotating shaft spaced from each other in the shaft 
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axial direction, and a second pair of probes being 
positioned on a second side of the rotating shaft, 
generally opposite the first pair and similarly axi- 
ally spaced from each other, the first end of each 
probe being in facing relationship with the outer 
surface of the rotating shaft; 
a rigid frame commonly supporting all of the probes 
at a predetermined distance from the outer surface 
of the rotating shaft, the frame being supported in 
such a manner that the frame may vibrate and dis- 
place relative to the rotating shaft essentially as a 
rigid body; 

at least two pairs of aligned targets located on the 
outer surface of the rotating shaft, a first pair of J5 
targets being positioned on the rotating shaft 
spaced from each other in the shaft axial direction, 
and a second pair of targets being positioned on the 
rotating shaft, radially spaced from the first pair of 
targets and similarly axially spaced from each 20 
other, so that each probe detects the passage of two 
targets each revolution of the shaft for triggering a 
probe output response from each probe twice each 
shaft revolution; 

counting means for counting the number of probe 25 
output responses over multiple revolutions of the 
shaft; 

timing means for measuring a time for every probe 
output response over multiple revolutions of the 
shaft; and 

calculating means for calculating the shaft windup 
angle of the rotating shaft based in part on the 
probe trigger times and the spacing of the probes, 


30 


displacing relative to its bearings and relative to inertial 
space, the method comprising the steps of: 

providing a plurality of probes spaced from each 
other, with at least two of the probes spaced from 
each other in the shaft axial direction, each probe 
having a first end and a second end, the first end of 
each probe being in facing relationship with the 
radial outer surface of the rotating shaft; 

providing a frame for rigidly supporting each probe 
at a predetermined distance from the outer surface 
of the rotating shaft, the frame being supported in 
such a manner that the frame may vibrate and dis- 
place relative to the rotating shaft essentially as a 
rigid body; 

mounting each probe within the frame; 

placing at least two pairs of targets on the radial outer 
surface of the rotating shaft such that at least two 
targets pass beneath each probe each revolution of 
the shaft for triggering a probe output response 
from each probe twice each shaft revolution; 

establishing a zero torque angle of rotation which 
corresponds to the location of one of the targets; 

rotating the shaft; 

triggering a probe output response when a target 

passes the first end of one of the probes; 
counting the number of times each probe is triggered 

by one of the targets; and 
calculating the shaft load parameter of the rotating 
shaft based in part on the probe trigger times, and 
the spacing of the probes and at the same time 
overcoming effects caused by frame vibration and 
displacement and shaft vibration and displacement. 
26. The method as set forth in claim 25 wherein the 
shaft torsional load parameter is torque induced shaft 


independent of the effects of any frame vibration 35 ^dup angle per unit length. 


and displacement and any shaft vibration and dis- 
placement. 

25. A method for detemining a shaft torsional load 
parameter in a bearing mounted, generally cylindrical, 


27. The method as set forth in claim 26 further com- 
prising the step of calculating the shaft torque based 
upon the shaft windup angle per unit length. 

28. The method as set forth in claim 26 further corn- 


torque carrying, rotating shaft having a radial outer 40 prising the step of calculating shaft power output based 
surface and longitudinal axis extending through the upon the shaft windup angle per unit length, 
center thereof, the rotating shaft possibly vibrating and * * * * * 


45 


50 


55 


60 


65 
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